We explore four-dimensional (4D) weakly coupled gravity beyond general relativity in an on-shell language, focusing on the graviton three-point vertex. This admits a novel structure which can be attributed to a term cubic in the Riemann tensor. We consider a generalization of the Shapiro time delay experiment that involves polarized gravitons and show that the new vertex leads to causality violation. Fixing the problem demands the inclusion of an infinite tower of massive higher spin states. Perturbative string theory provides an example of this phenomenon, the only known so far. Interestingly enough, the same argument being applied to inflation suggests that stringy signatures may be hidden in the non-Gaussianities of the primordial gravity wave spectrum.
spite of that, we know that it has to fail at shorter distances, the Einstein-Hilbert Lagrangian not being renormalizable. This is an old problem that accompanied us for some 80 years now. Despite the many efforts pursued to elucidate it, the quantum nature of space and time remains elusive. Most attempts to tackle this problem have been quite audacious, particularly if we take into account that many orders of magnitude separate our currently explored range of energies from the unachievable Planck scale.
Notwithstanding, a different approach can be attempted. We may ask ourselves about possible corrections to general relativity at an intermediate scale Pl , where perturbation theory still holds. These are most naturally given by operators involving higher-curvature terms suppressed by this new scale. Assuming that such a regime exists, we would like to explore high energy graviton scattering to leading order in the Newton constant G N . In this essay, we mostly focus on the case of fourdimensional (4D) asymptotically flat spacetime. The results, however, carry over to higher dimensions with inessential adjustments. We also comment briefly on the case of asymptotically AdS/dS geometries and the corresponding implications for the dual conformal field theory (CFT) and cosmology.
The first nontrivial interaction affected by the higher derivative corrections is the three-point graviton vertex, a A (3) . It carries momenta and polarization of the intervening particles, plus the coupling constant G N that we assume to be small. Due to the fact that the graviton has spin, the three-point vertex is not uniquely specified. In any number of dimensions it is fixed by Lorentz and gauge symmetries in every theory of gravity up to three constants. The leading contribution is the familiar one arising in General Relativity, A (3) GR . The others involve higher powers of the momenta, therefore, can be viewed as arising from higher-derivative (HD) terms in the gravitational action accompanied by appropriate powers of . In four dimensions, the relevant structure b is cubic in the Riemann tensor and goes like 4 A (3) HD . We find that the new three-point graviton vertex triggers the breakdown of causality, this violation occurs when the theory is still weakly coupled. To expose the problem, we consider a generalization of the classical Shapiro time delay experiment.
1 More precisely, we consider a high-energy, fixed impact parameter, scattering of polarized gravitons with large momenta along the light-like coordinates, P u and P v . The center of mass energy, s P u P v , is large compared to l −2 (and to the Mandelstam variable t) but still much smaller than the square of the Planck mass. Furthermore, the impact parameter is taken to be much larger than the Planck scale, |b| Pl . In general relativity the leading effect of this scattering process is the usual Shapiro time delay.
a More precisely, we consider the three-point graviton vertex with all gravitons being on-shell, p 2 i = 0. b We can also write a parity-odd structure which is again cubic in the Riemann tensor. Besides, the third structure that appears in higher dimensions is quadratic in R µνλσ , thereby weighted by 2 , and is trivial in four dimensions as a consequence of the Gauss-Bonnet theorem. If we let two highly energetic gravitons scatter, the leading contribution to the S-matrix is given by a pure phase, S 1 + iδ(s, b). For a graviton undergoing a series of successive scattering events, this effect exponentiates, S e iδ (s,b) . In the Eikonal regime, this phase is completely fixed in terms of the graviton three-point vertex
where L is an infrared cutoff, the sum runs over all possible intermediate graviton states and the indices of A (3) label the intervening particles in each vertex. This captures the contribution of the graviton t-channel exchange, and scales like s. The log |b| 2 factor comes from the Fourier transform of the massless propagator in the two-dimensional space transverse to one of the gravitons (say, that with momentum P u ) that sources a shock wave. 3 The same computation can be done by considering the propagation of either of the gravitons in the shock wave background sourced by the other. Remarkably enough, the Shapiro time delay, ∆v, experienced by the probe graviton ends up being proportional to the Eikonal phase, δ(s,
Contrary to what happens in general relativity, the Shapiro time delay depends on the polarization of gravitons in a generic theory of gravity. Moreover, in such a theory the time delay for at least one of the polarizations becomes negative for small enough impact parameter, |b| . This leads to time advance and ultimately to violation of causality. By repeating the experiment many times one can accumulate time advance and turn it into a macroscopic effect. From the perspective of the Smatrix, S(s, b) = exp[iδ(s, b)], time advance implies |S(s, b)| > 1 for some complex s in the upper half plane, which is known to be related to causality violation. Macroscopically, Shapiro time advances can be used to build up time machines, and wormholes become traversable geometries in their presence.
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In order to fix the causality problem, we need to include new contributions with suitable s dependence to counterbalance the graviton exchange. Intermediate particles of spin J will contribute to the scattering phase δ(s, b) as s J−1 . Therefore, we need particles with spin J ≥ 2 to cure the problem. In the pure gravitational setup that we are presently considering, massive particles with J = 2 would suggest the necessity of higher dimensions -these particles arising as Kaluza-Klein modes. Interestingly enough, they cannot solve the causality problem. This is another manifestation of the famous Weinberg-Witten theorem. 4 Indeed, one can show that it is always possible to prepare the polarization states of gravitons such that all massive spin two modes decouple. We are just left with the possibility of J > 2 states.
It is not difficult to see that a higher spin state, whose large s contribution to the scattering phase overcomes that of the graviton, produces an analogous problem on its own, again implying |S(s, b)| > 1 in some region of the upper half complex s plane. This calls for an even higher spin particle and we readily conclude that any finite number of them does not do the job. 2 We need an infinite number of higher spin states with masses m only known example where this actually happens is perturbative string theory,
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where it is a consequence of Reggeization. In the context of cosmology, the gravity wave non-Gaussianity is a direct measure of the graviton three-point vertex during inflation. 6 To leading order in the slow roll approximation we can do the computation in de Sitter space. Again, the same two (parity preserving) structures c are possible, their relative size being
where H is the Hubble parameter during inflation, and F GR and F new are order one structures involving polarizations and momenta (in units of H) arising respectively from general relativity and the higher-curvature terms. Both are small compared to the two-point function. 7 Since the characteristic energies for gravitons at inflation are E ∼ H, the latter is a direct measure of the strength of the coupling,
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−6 , that is actually very weak.
Precise cosmological observations in recent years have yielded impressive results that have been used to test our ideas about gravity in a new and exciting arena. The argument presented in this essay suggests that invaluable hints on the true nature of the gravitational interaction may be waiting for us in the non-Gaussianities of the gravity wave spectrum. The observation of any contribution like the ones described in this note could provide a strong indication of a structure similar to that of string theory during inflation. On more general grounds, the imprint of new particles with masses comparable to the Hubble scale on the primordial fluctuations, potentially extends collider physics to way higher energies than those available on Earth-based particle accelerators.
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In the case of asymptotically AdS geometry, we can use an almost identical argument to produce new constraints on CFTs with weakly coupled gravity duals.
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In the framework of the AdS/CFT correspondence the three-point graviton vertex is dual to the three-point correlator of the CFT stress-energy tensor. The masses of the higher spin particles that are needed to restore causality are related to scaling dimensions of higher spin single trace operators, ∆ J ∼ m J R AdS . Let us consider for example, five-dimensional AdS space. A common way to parametrize the threepoint function of stress tensors is by means of the trace anomaly equation of the 4D dual CFT, 
Causality bounds the correction to the three-point correlator in terms of the (minimal) mass of higher spin particles, m
